The Daocheng batholith consists of granite, granodiorite and K-feldspar megacrystic granite, which is located in the north Yidun Arc. It is a barren batholith in contrast to plutons of the same age that contain major copper deposits, such as Pulang to the south. In the Daocheng, abundant mafic microgranular enclaves (MMEs) mainly developed within granodiorite and K-feldspar megacrystic granite, which are characterized by quenched apatite, quartz eyes and plagioclase phenocrysts. LA-ICP-MS zircon U-Pb dating of host granodiorite yielded ages ranging from 223 Ma to 210 Ma, with a weighted mean of 215.3 ± 1.8 Ma. Zircons from MMEs yielded ages ranging from 218 Ma to 209 Ma, with a weighted mean of 214.2 ± 1.4 Ma. Geochemical analyses show that granodiorite is high-K, calc-alkaline and I-type, with SiO 2 contents ranging from 67.90% to 70.54%. These rocks are metaluminous to marginally peraluminous (A/CNK = 0.98-1.00) and moderately rich in alkalis with K 2 O ranging from 3.28% to 4.59% and Na 2 O ranging from 3.18% to 3.20%, with low MgO (1.08%-1.29%), Cr (12.7 ppm-16.8 ppm), Ni (5.19 ppm-6.16 ppm) and Mg # (35-49). The MMEs have relatively low SiO 2 contents (56.34%-60.91%), higher Al 2 O 3 contents (16.06%-17.98%), higher MgO and FeO abundances and are metaluminous (A/CNK = 0.82-0.83). The MMEs and host granodiorite are enriched in light rare-earth elements (LREEs) relative to heavy rare-earth elements (HREEs), with slightly negative Eu anomalies, and enriched in Th, U and large ion lithophile elements (LILEs; e.g., K, Rb and Pb), and depleted in high field strength elements (HFSEs; e.g., Nb, Ta, P and Ti), showing affinities typical of arc magmas. The zircon ε Hf (t) values (−6.28 to −2.33) and ancient two-stage Hf model ages of 1.92 to 1.25 Ga, indicating that the magmas are generally melts that incorporated significant portions of Precambrian crust. The relatively low silica contents and high Mg # values of the MMEs, and the linear patterns of MgO, Al 2 O 3 and Fe 2 O 3 with SiO 2 between the MMEs and host granodiorite, showing the formation of MMEs are genetically related to magma mixing. The Daocheng granodiorite is characterized by much lower zircon Ce 4+ /Ce 3+ (average of 3.53) and low f O 2 value (average of ∆FMQ = -10.84), whereas the ore-bearing quartz monzonite porphyries in the Pulang copper deposit are characterized by much higher zircon Ce 4+ /Ce 3+ (average of 52.10) and high f O 2 value (average of ∆FMQ = 2.8), indicating the ore-bearing porphyry intrusions had much higher f O 2 of magma than the ore-barren intrusions considering that the high oxygen fugacity of the magma is conducive to mineralization.
. (a) tectonic outline of the Yidun Arc, showing the study area, and (b) simplified geological map of the Yidun Arc (modified after [6] ). 
Geological Setting
The YA is located between the western Songpan-Garze Fold Belt and the eastern Qiangtang Terrane (QT), which was separated by the Garze-Litang Suture Zone to the west and the Jinshajiang Suture Zone to the east, and was bounded by the Yangtze Craton to the southeast [9, 10, 14] . The YA is exposed over a large area (25,000 km 2 ) in SW China [6, 28] . The YA has experienced subduction related orogenesis in the Late Triassic, collision orogenesis in the Jurassic, post-tectonic stretching in the Late Cretaceous and the complex evolution of the Cenozoic intracontinental tectonic deformation process [1, 2, 9] .
The YA experienced two extensive magmatic periods, Late Triassic (230-215 Ma) and Late Cretaceous (105-77 Ma), in response to the subduction of the Paleo-Tethys oceanic slab and continent-continent collision, respectively. The former is dominated by volcanic eruptions, mafic to felsic plutonism. The latter is dominated by intrusive activity, mainly felsic granite [9, 10, 12, 14] . During the Late Triassic, the YA developed multiphase magmatism, which produced several large granitic and granodioritic batholiths, such as Shengmu, Daocheng and Cuojiaoma in the NYA [17, 25, 27] , and granitic to dioritic porphyry stocks such as the Pulang and Xuejiping in the SYA [29, 30] .
The Daocheng batholith is exposed between the Daocheng and Litang regions in the southern portion of NYA (Figure 1b ). The country rocks consist predominantly of Late Triassic basalt, rhyolite, volcanic tuff and volcano-sedimentary rocks.
The Pulang copper deposit is the largest Cu-polymetallic porphyry deposit in the SYA, which is located approximately 65 km northeast of Shangri-La county (Figure 1b) , and it contains proven reserves of~4. 31 Mt of Cu and 113 t of Au (0.34% Cu and 0.09 g/t Au) [13, 14, 20, 31] . The host rocks are dominated by Late Triassic metasandstone and slate with interbedded andesite. The Pulang intrusive complex (16 km 2 ) intruded the Late Triassic strata and extended along NW-and NE-trending faults [7, 10, 29] . These Late Triassic intrusions are comprised of three distinct phases based on LA-ICP-MS zircon U-Pb dating: The early quartz diorite porphyry of 225.9 ± 3.7 Ma [10, 24] , the middle quartz monzonite porphyry of 215.4 ± 1.8 Ma [10] and the latter granite porphyry of 206.3 ± 0.7 Ma [32] . The crystallization age of the quartz monzonite porphyry is consistent with a molybdenite Re-Os isochron age of 213.0 ± 3.8 Ma [33] . The youngest granite porphyry occurs as dikes with no significant mineralization [7, 10] . Zircon, apatite and magnetite are common accessory minerals in the above-mentioned Pulang porphyries [10, 29, 31] .
Samples and Analytical Methods
Two fresh granodiorite (DC16-6, DC16-9) and two fresh MME (DC16-5, DC16-8) samples were collected from the outcrops of the Daocheng batholith. Granodiorite has a granitic granular texture (Figure 2b 
Whole-Rock Major and Trace Elements
Samples for whole-rock analyses after the removal of weathered surfaces were crushed in an agate mill to nearly 200 mesh at the Geological Exploration Technology Co., Ltd., Langfang, China. For the analysis of the major elements, the sample was placed in a Li 2 B 4 O 7 solution at a ratio of 1:5, melted at a temperature of 1050 • C to 1250 • C, and then the melted sample was made into a glass disk, and X-ray fluorescence (XRF) spectrometry was undertaken when the precision was better than 1% based on comparison to known reference materials. The trace-element analysis was undertaken by the solution analysis. Two mg of whole-rock powder was placed in a Teflon flask and was dissolved with HNO 3 and HF and dissolution and dry-down, further dissolved by adding HClO 4 , again dried down and 5% HNO 3 to dissolve the sample. Trace elements were measured using an ELEMENT XR ICP-MS at the Beijing Research Institute of Uranium Geology, with precision above 5%. The analytical procedure for the ICP-MS analysis is described by [34] .
LA-ICP-MS Zircon U-Pb Dating and In Situ Trace Element Analysis of Zircon
Zircons were separated from the rock samples (DC16-8, DC16-9) by using conventional heavy-liquid and magnetic techniques, and were further concentrated by hand picking under a binocular microscope at the Geological Exploration Technology Co., Ltd., Langfang, Hebei Province, China. Zircon grains for U-Pb analysis were mounted in epoxy and then polished to section the crystals for analysis, and all zircons were documented using transmitted, reflected light photomicrographs and cathodoluminescence (CL) images to reveal their internal structures. Uranium-Th-Pb ratios determination was performed using LA-ICP-MS at the Sample Solution Analytical Technology Co., Ltd., Wuhan, China. The instrument used was an Agilent 7900 Quadrupole ICP-MS coupled to a Photon Machines Analyte HE 193-nm ArF Excimer laser ablation system, the laser ablation beam spot diameter was 25 µm, the laser ablation depth was 20 to 40 µm, and the single-point ablation method was employed. Helium was used as an ablation cell gas. Lasing was accomplished with a frequency of 10 Hz and an energy density of about 2.5 J/cm 2 . ICP-MS data collection was in "peak jumping", among the masses collected. The reference standard zircon GJ-1 was undertaken surrounding groups of five measurements of unknowns along with zircon 91500 and NIST SRM61. GJ-1 was used as an external standard for age calibration, standard zircon 91500 and silicate glass (NIST SRM610) were applied as external standards for dating. Quantitative calibration for zircon U-Pb dating was performed by ICPMSDataCal (Version 10.8) [35, 36] . Concordia diagrams, weighted mean age calculation and concordia diagrams were plotted using Isoplot 3.0 [37] .
Trace element analysis of zircon was also conducted by LA-ICP-MS at the Wuhan Sample Solution Analytical Technology Co., Ltd., Wuhan, China. Laser sampling was performed using a GeolasPro laser ablation system that consists of a COMPexPro 102 ArF excimer laser (wavelength of 193 nm and maximum energy of 200 mJ) and a MicroLas optical system, and an Agilent 7700e ICP-MS instrument was used to acquire ion-signal intensities. Helium was applied as a carrier gas, argon was used as the make-up gas and mixed with the carrier gas via a T-connector before entering the ICP. A "wire" signal smoothing device is included in this laser ablation system [38] . The spot size and frequency of the laser were set to 32 µm and 5 Hz, respectively, in this study. Trace element compositions of zircon were calibrated against various reference materials (BHVO-2G, BCR-2G and BIR-1G) without using an internal standard [35] . Each analysis incorporated a background acquisition of approximately 20-30 s followed by 50 s of data acquisition from the sample. An Excel-based software ICPMSDataCal (Version 10.8) was used to perform off-line selection and integration of background and analyzed signals, time-drift correction and quantitative calibration for trace element analysis [35] .
Zircon Lu-Hf Isotope Analysis
The zircon Lu-Hf isotopes were analyzed on a Neptune Plasma multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS) equipped with a Geolas HD excimerArF-excimer laser ablation system, at the Sample Solution Analytical Technology Co., Ltd., Wuhan, China. The laser beam diameter used was 44 µm, 10 Hz repetition rate and 7.0 J/cm 2 energy density. Helium was used as carrier gas to transport laser eroded matter then mixed with Argon to the in Neptune. The detailed analytical methods were described by [37] . Reference materials including zircons 91500, GJ-1 and TEM were analyzed after every 10-15 zircon grains, yielding mean 176 Hf/ 177 Hf isotopic ratio of 0.282308 ± 6 (2σ) for 91500, 0.282018 ± 13 (2σ) for GJ-1, 0.282649 ± 27 (2σ) for TEM, which are in good agreement with the recommended values of 0.282308 ± 58 (2σ; 91500), 0.282013 ± 19 (2σ; GJ-1) and 0.282677 ± 8 (2σ). A decay constant for 176 Lu of 1.865 × 10 −11 year −1 was adopted in this experiment. Initial 176 Hf/ 177 Hf, denoted as ε Hf (t), was calculated by using the measured U-Pb ages with the chondritic reservoir present-day ratios of 176 Hf/ 177 Hf = 0.282772 and 176 Lu/ 177 Hf = 0.0332. One-stage Hf model ages (T DM1 ) are calculated relative to the depleted mantle present-day value of 176 Hf/ 177 Hf = 0.283250 and 176 Lu/ 177 Hf = 0.0384 [7] , two-stage Hf model ages (T DM2 ) are calculated by a mean 176 Lu/ 177 Hf value of 0.015 for the average continental crust [7] .
Results

Major and Trace Elements Geochemistry
The whole-rock major and trace element data from the Daocheng batholith are listed in Table 1 . Granodiorites were characterized by high SiO 2 contents of 67.90%-70.54% (Figure 3a ), and showing low MgO (1.08%-1.29%), Cr (12.7-16.8 ppm) and Ni (5.2-6.2 ppm) abundances; these rocks were metaluminous to just peraluminous, and the aluminum saturation index was A/CNK = 0.98-1.00 ( Figure 3b ). They were moderately rich in alkalis with K 2 O of 3.28%-4.59% and Na 2 O of 3.18%-3.20%, making them high-K calc-alkaline and shoshonite series rocks (Figure 3c,d (Figure 4 ). In contrast, the MMEs had low SiO 2 (56.34%-60.91%) content with high CaO (6.09%-6.18%), MgO (2.89%-3.20%) and TiO 2 (0.62%-0.72%) content ( Table 1 ). The MMEs had variably high K 2 O (2.31%-3.93%), and plotted in the monzonite-diorite field in the total alkaline-silica diagram (Figure 3a ). They belonged to the metaluminous and shoshonitic series (Figure 3c,d) .
Both granodiorite and MMEs from the Daocheng batholith had similar rare-earth elements (REEs) and trace elements patterns, with a pronounced enrichment in LREEs relative to HREEs ( Figure 5 ). Granodiorite and MMEs had total REEs contents of 162-220 ppm and 126-247 ppm, respectively. They had negative Eu anomalies indicating that granodiorite and MMEs might have undergone the separation and crystallization of plagioclase ( Figure 5a ). The rocks are depleted in high field strength elements (HFSEs; e.g., Nb, Ta, P and Ti), and enriched in LILEs (e.g., Rb and K), LREEs and Pb, with depletion in Ba ( Figure 5b [17, 18] and data for ore-bearing porphyry of the Pulang copper deposit is from [10] . [17, 18] and the data for ore-bearing porphyry of the Pulang copper deposit from [10] . 
Zircon U-Pb Geochronology
MMEs and granodiorite from the Daocheng batholith were dated (DC16-8 and DC16-9, respectively), and the zircon U-Pb data are listed in Supplementary Table S1 . Most of the zircon grains are euhedral to subhedral, light gray-gray black, individual zircon particles are etched at the edges, columnar with grain size ranging from 100 to 200 µm, and length/width ratios of 1:1-3:1. Some zircons retained the ancient inheritance nucleus (see bottom left in Figure 6 ), and we tried to choose a clear and transparent zone near the rim, and a typical oscillatory zone of magmatic crystallization is common in most of the zircon under CL images ( 
Zircon Lu-Hf Isotopes
In situ Lu-Hf isotope analyses of zircons from granodiorite and MMEs are listed in Supplementary  Table S2 and illustrated on Figure 8 . Zircons from granodiorite have initial 176 Hf/ 177 Hf ranging from 0.282229 to 0.282577, and ε Hf (t) values of −6.28 to −2.33 with an outlier of −14.61 (Figure 8a ), corresponding to two-stage Hf model ages between 1.92 and 1.25 Ga. Results for the MMEs show variable 176 Hf/ 177 Hf ranging from 0.282305 to 0.282384, and ε Hf (t) values of ranging from −11.97 to −9.15 (Figure 8a ), corresponding to two-stage Hf model ages varying between 1.78 to 1.62 Ga. [17, 18] ; the data for ore-bearing porphyry of the Pulang copper deposit from [10] . (a) histograms of zircon ε Hf (t) values for granodiorite and MMEs; (b) histograms of zircon ε Hf (t) values for the Daocheng batholith and (c) histograms of zircon ε Hf (t) values for ore-bearing porphyry of the Pulang copper deposit.
Zircon Trace Elements
Trace element compositions of zircons from granodiorite and MMEs are listed in Supplementary  Table S3 . Total REE contents of 13 zircons from granodiorite (DC16-9) ranged from 1622 to 2491 ppm, meanwhile, all zircons had wide variations of Y (944-1402 ppm), Nb (2.77-5.08 ppm), Ta (1.61 
Discussion
Petrogenesis of the Dacocheng Batholith
The Late Triassic granodiorite and granite in the YA were metaluminous to just peraluminous, high-K calc-alkaline series (Figure 3b ,c), with enrichments in Rb, Ba, Th and U and depletions in HFSEs (e.g., Nb, Ta, etc.) and HREEs (Figure 4) . These geochemical features are consistent with arc magma in a subduction related setting [42, 43] . The Triassic arc-related granitoids in the SYA, together with the coeval volcanic rocks, are thought to be related to the westward subduction of the Garze-Litang ocean slab [44] . The Daocheng granodiorites are characterized by low (Na 2 O + K 2 O)/CaO ratio (2.01-2.58), varying Zr + Nb + Ce + Y abundances (277.0 -347.3 ppm) and low Mg # value (39) (40) (41) (42) (43) (44) (45) . Although several samples plotted in the field of A-type granite (Figure 9a ), but the Daocheng granodiorites are not typical A-types [45] . The negative trend defined by granodiorite on the P 2 O 5 vs. SiO 2 diagram (Figure 9b ), this is due to the P 2 O 5 abundance that will decrease in fractionated I-type granites when apatite reaches saturation in metaluminous to just peraluminous magmas [46] , with the uniform A/CNK ratio of 0.98-1.00, indicating the I-type granite affinity for the Daocheng granitoids. In the (La/Yb) N vs. Yb N diagram, these samples plot as normal arc magmas (Figure 9c ). Therefore, we concluded that the Daocheng granodiorite belong to the typical I-type granite family.
To explain the petrogenesis of I-type granite, several models have been proposed: (1) Assimilation and fractional crystallization (AFC) of mantle-derived basaltic magmas [47, 48] (Figure 9d ); (2) reworking of supracrustal material by juvenile magmas [49, 50] and (3) partial melting of the mafic lower crust, with or without addition of mantle-derived magmas [46, 51] . The first model is not applied to the Daocheng granodiorite because of the important compositional gap between contemporary mafic complexes and felsic porphyry, with the absence of intermediate magmas in the Daocheng batholith and YA. It is not in accord with the reworking of supracrustal material by juvenile magma that could account for the formation of the Daocheng granodiorite since this mechanism may yield a wide-ranging zircon ε Hf (t) values from the same rock suit and more positive values [49] .
Collectively, the analyzed granodiorite has negative zircon ε Hf (t) values ranging from −6.28 to −2.33 with an outlier of -14.61 (T DM2 = 1.92−1.25 Ga) and that outlier analysis may have clipped a truly ancient zircon core. The whole rock had a negative whole-rock ε Nd (t) (-7.8 to -6.7) with T DM2 = 1.62-1.54 Ga [17] , indicating a predominantly ancient (1.5-1.1 Ga; Mesoproterozoic) crustal source that was melted in the Jurassic. Fractionated REE patterns ((La/Yb) N = 8.4-19.0, low Y (19.3-25.1 ppm) and Yb (1.9-2.6 ppm) in granodiorite required partial melting of a mafic source region or felsic source contained garnet, with garnet as a residual phase [52] [53] [54] [55] because HREEs have a high partition coefficient (mineral/melt) in garnet. The Zr/Hf (32.69-36.90) is close to the range of the crustal and mantle-derived material (Zr/Hf = 33.0-36.3), which is likely a sign of zircon fractionation from a source that developed a higher Zr/Hf, which was reduced by zircon removal [56] . Summing up, the genesis of the Daocheng granodiorite is derived from an ancient crust that was melted during Late Triassic subduction. La/Sm (after [58] ). Note: Data for granodiorite from [17, 18] and data for ore-bearing porphyry of the Pulang copper deposit from [10] .
Magma Mixing
The abundant MMEs in granodiorite were ellipsoidal and spheroidal in shape, darker in color and had distinct contact with granodiorite (Figure 2a ). Mafic minerals (amphibole and biotite) were distributed along the edges of feldspar grains (Figure 2g ). The MMEs were characterized by quenched apatite, quartz eyes plagioclase phenocrysts that show obvious oscillatory zones. The MgO, Al 2 O 3 and Fe 2 O 3 concentrations were negatively correlated with SiO 2 in the Harker diagram ( Figure 4 ). Together these features indicate that the enclaves represent the vestages of a magma mixing process [58, 59] . If so one might expect the enclaves to have a much more mantle-like isotope signature than its host. This was not observed.
Several different hypotheses could be proposed to explain the origin of MMEs: (1) They represent the residual material ("restite"), which were left from the source rock after giving rise to the granitic melts and in which case [54, 60, 61] , the granodiorite and the enclaves should have matching isotope ratios since they are co-genetic; (2) cognate magma fragments of cumulate minerals or early formed crystals from the host magma [62] [63] [64] ; (3) surrounding rock xenoliths so that the isotope relationship of the enclaves and host granodiorite are unconstrained but the enclaves do not give a brittle appearance in their shapes further disallowing this as a compelling possibility [65] ; (4) that the enclaves are some sort of cumulate and representative of fractionation of MME like magmas to give rise to granodiorite but 22 straightforward observations deny this possibility-lack of cumulate textures in the enclave, differences in isotope composition, which should be the same and (5) the mixing of mafic and felsic magmas [66] [67] [68] [69] , a common assumption, and in which case the mafic enclave is assumed to have a derivation from a more mafic magma, i.e., to be more juvenile in isotope character. The following observations support this as the likely relationship: The U-Pb zircon ages of the MMEs are coincident with those of granodiorites. Compared to granodiorite, the MMEs have lower SiO 2 content (56.34%-60.91%) and higher Mg # (46) (47) (48) , which suggests that mafic magma has involved in its formation, and the MMEs display igneous microtextures (micro-to fine-grained hypidiomorphic to granular texture) instead of cumulate texture, with the development of zoned plagioclase and acicular apatite in the MMEs. On the other hand, basalt dykes or sills coeval with the Daocheng batholith have not been found, nor has clear evidence of the disaggregation of dykes in the Daocheng host magmas. Since this is the favored explanation, a crucial Hf isotope relationship must be explained: The enclave has a more negative, i.e., has a more crustal signature than the host granodiorite, the opposite of what one would expect.
Implications for Regional Metallogenic Distinctions Between NYA and SYA
The YA was formed on the east margin of the QT [57] . It originated from the westward subduction of the Garze-Litang oceanic slab beneath the Zhongza Block during the Late Triassic [11, 19] . The closure of a Neotethyan seaway in southeast Tibet and Indochina resulted in the collision of the recently amalgamated QT with the Yangtze Carton during the Late Cretaceous [30, 59] . The Daocheng granodiorite has a zircon 206 Pb/ 238 U age of 215 ± 1.8 Ma, which is consistent with the previous published age. In addition, our data and previously published work, plot in the Nb vs. Y and Nb vs. (Y + Nb) tectonic setting diagram, plot in the fields of volcanic arc granite (VAG) + syncollisional granite (Syn-COLG) (Figure 10a ) and VAG granite (Figure 10b ), which is consistent with granodiorite generation in a subduction setting [16, 19, 31] . Syn-COLG, syncollisional granite. Note: The data for granodiorite from [17, 18] ; the data for ore-bearing porphyry of the Pulang copper deposit from [10] . Magmatic oxygen fugacity is the effective partial pressure of oxygen in magma. The value of f O 2 is generally determined by using elements with multiple valences (e.g., Fe, S, Ce, etc.). Oxidation states of magmas may be evaluated using the whole-rock Fe 2 O 3 /FeO [70] and the presence of minerals indicative of high f O 2 , such as magnetite and hematite [71, 72] . While, these indicators mentioned above can only be used on fresh igneous rocks that lacked hydrothermal alteration and surficial weathering [73] . As the accessory mineral, zircon is often found in intermediate to felsic igneous rocks, and is also resistant to physical destruction and hydrothermal alteration after magmatic crystallization [74] it provides a route by which to calculate f O 2 . Zircon contains its primary chemical and isotope compositions from the time of crystallization, and can provide chemical information related to the parental magma. The strong positive Ce anomaly in zircon is sensitive to the oxidation state in the magma but is temperature dependent as well. Ce 4+ preferentially partitions into zircon compared with Ce 3+ because of its identical charge and similar size in eight-fold coordination to Zr 4+ , thus, Ce 4+ /Ce 3+ can reflect magmatic oxidation state relatively precisely [73, 75] . The zircon Ce 4+ /Ce 3+ can be calculated according to crystal chemistry principles, detail procedures of which are given in [73] .
Trail et al. [76] provided a new empirical equation to determine the f O 2 of a magmatic melt, the equation is as follows:
Ln(Ce/Ce*) D = (0.1156 ± 0.0050) × ln(f O 2 ) + (13860 ± 708)/T(K) -(6.125 ± 0.484),
where the (Ce/Ce*) D is the Ce anomaly in zircon, and T is the zircon crystallization temperature in K, zircon Ti concentration is used to constrain crystallization temperatures and T is calculated by revised Ti-in-zircon thermometry [77] . Given that the concentration of the related LREEs is unknown at the time of zircon saturation is unknown in almost all cases, the Ce anomaly (Ce/Ce*) D is calculated from the equation:
where Ce N , La N and Pr N are chondrite-normalized values for Ce, La and Pr. We estimated the magmatic oxygen fugacity that was used from the equation above, with the calculated result are listed in Table 2 and described by [72, 76] . Familiar f O 2 curves, such as magnetite-hematite (MH), fayalite-magnetite quartz (FMQ) and iron-wustite (IW), are used to estimate the oxidation state of the magma, all were determined at 1 bar. The average ∆FMQ value for granodiorite was -10.84, with Ti in-zircon temperatures of 740-630 • C, strongly variable values of Ce 4+ /Ce 3+ ratio were probably related to the analytical precision (Ce 4+ /Ce 3+ = 0.80-8.95, average value was 3.53) and a log(f O 2 ) value of -32.95 to -21.22, the data mainly fell in the field below IW on the Ti-in-zircon temperature vs. f O 2 diagram (Figure 11a In arc settings, where fertile magmas are typically derived from hydrous, high f O 2 and metal-rich calc-alkaline magmas, and magmatic oxygen fugacity is a key factor that controls the formation of Cu-Mo mineralization [75, 78, 79] . Oxidized calc-alkaline magmas control porphyry mineralization by influencing the speciation and solubility of sulfur [73, 80] , high f O 2 is more favorable for forming metal-rich magmas. Many researchers think that oxidized magmas can hold high metal content and are conducive to forming porphyry deposits [75, 81] . Generally speaking, oxygen fugacity of >FMQ + 2 is necessary to form economic porphyry Cu (Au) deposits and FMQ + 1.5 is a threshold for any porphyry deposit [75, [79] [80] [81] [82] . As mentioned in this study of a barren granodiorite, it has very low f O 2 , with ∆FMQ ranging from −13.59 to −5.09. Under the low f O 2 , it would be difficult to release metals out of the melt and magmas, and would become sulfide-saturated during evolution in the deep magma chambers instead [75] . The f O 2 of granodiorite (average of ∆FMQ= -10.84) is lower than that of the MMEs (average of ∆FMQ = 0.80), and is also much lower than ore-bearing quartz monzonite porphyry (average of ∆FMQ = 2.8) in the Pulang copper deposit.
The whole-rock log(Fe 2 O 3 /FeO) of granodiorite ranges from −0.43 to −0.08, and plot below moderately reduced in the log(Fe 2 O 3 /FeO) vs. FeO* diagram (Figure 11c ). While, the whole-rock log(Fe 2 O 3 /FeO) values of the ore-bearing quartz monzonite porphyry from Pulang copper deposit in the SYA varies from −0.24 to 0.02 [10, 79] , and plot between the strongly oxidized and moderately oxidized ranges (Figure 11c ). The calculated Ce 4+ /Ce 3+ of granodiorite varied from 0.80 to 8.95 (average value was 3.53) ( Figure 11d) ; however, the calculated Ce 4+ /Ce 3+ of the ore-bearing quartz monzonite porphyry from the Pulang copper deposit ranged from 5.40 to 99.60 (average value was 52.10) [79] (Figure 11d ). The f O 2 of Pulang ore-bearing quartz monzonite porphyry in the SYA was much higher than that of the Daocheng granodiorite in the NYA. The Ce and Eu of zircon were very sensitive to the oxidation state of magma. Cerium generally had a positive anomaly in magma, and the intensity of anomalies could reflect the relative magnitude of oxygen fugacity [72, 73] . Zircon itself was structurally stable and strongly resistant to hydrothermal alteration. Therefore, the trace element of zircon could effectively indicate the oxidation state of magma. [71] ) and (d) zircon Ce 4+ /Ce 3+ vs. δEu (after [83] ). Abbreviations: MH, magnetite-hematite buffer curve [84] ; NNO, nickel-nickel oxide buffer curve [85] ; FMQ, fayalite-magnetite-quartz buffer curve [86] . Note: The data of the granodiorite is from [17, 18] and the data of the ore-bearing porphyry of the Pulang copper deposit is from [10] .
The Daocheng batholith granodiorite and Pulang ore-bearing quartz monzonite porphyry had several features in common: (1) They were emplaced during the same tectonic event along the YA (Figure 1a,b) ; (2) they were coeval and the time of their emplacement corresponded to the peak of the regional magmatic activity in the Late Triassic; (3) they had similar major elemental compositions ( Figure 3a) and (4) they shared similar chondrite-normalized REE patterns. However, there were also some large differences in their oxygen fugacities and Ce 4+ /Ce 3+ (Figure 11d ). Ballard et al. [73] studied super large porphyry copper deposits in north Chile. These authors came to a conclusion that the f O 2 of ore-bearing intrusions were higher than that of barren intrusions, high f O 2 was beneficial to the migration or enrichment of metallogenic elements such as copper, gold and molybdenum, which plays an important role in the final mineralization of these metallogenic elements. Yang et al. [79] analyzed four mineral deposits with different scales in the Jinshajiang-Red River porphyry Cu (Mo-Au) metallogenic belt, and revealed the relation between the magmatic oxidation state and porphyry mineralization. There is a positive relationship between the Ce 4+ /Ce 3+ and the deposit size (metal tonnage) for both the Cu-Mo deposits and the Au deposits. The magmatic oxygen fugacity is a key factor that controls the regional deposit size differences, indicating that oxidized magmas are associated with the formation of larger porphyry deposits. The oxygen fugacity could be used as an evaluation index for regional mineral exploration. 
Conclusions
(1) The host granodiorite and MMEs from the Daocheng batholith were formed at ca. 215 Ma and ca. 214 Ma, respectively; they were coeval within errors, indicating that they were the products of contemporaneous magmatic activity in the Late Triassic. (2) The Late Triassic Daocheng granodiorite is metaluminous to just peraluminous, high-K calc-alkaline I-type granite, and derived from the partial melting of Mesoproterozoic igneous arc lower crust. (3) The abundant MMEs occurred mainly in granodiorite and K-feldspar megacrystic granite and had a typical granular texture. The MMEs were characterized by quenched apatite, quartz eyes and the contents of MgO, Al 2 O 3 and Fe 2 O 3 were negatively correlated with SiO 2 content. The MMEs were generated by the incomplete mixing of the mafic magma with felsic magma. (4) The Daocheng granodiorite had much lower zircon Ce 4+ /Ce 3+ (average of 3.53) and f O 2 values (average of ∆FMQ = −10.84) than those of ore-bearing quartz monzonite porphyry (average of Ce 4+ /Ce 3+ = 52.10; ∆FMQ = 2.8) in the Pulang copper deposit. Thus in this comparative study it was clear that during the Late Triassic in the Yidun Arc, the high oxygen fugacity of the magma was conducive to mineralization.
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